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DOE Technical Representative, Jaime Gonzalez Laboratory and Raul Rebak LLNL Lab. Partner 
Quarterly Technical Progress Report 
10/01/05 - 12/31/05 
Statement of Work 
 
The objective of this task is to conduct corrosion related research and predict the durability of rock-bolts and other 
underground metallic roof supports.  In this period, we have performed tests on Split Set, Swellex Mn24 specimens 
by using potentiodynamic tests, and SEM and optical microscopy to characterization of alloys. 
 
General Statements  
 
High strength low alloy steels are used for commonly used commercial rock bolts; we have performed corrosion 
tests on commercial rock bolts and related materials for ground support.  These corrosion rates have been 
determined in deaerated oxygenated conditions at different temperatures, and three different ionic concentrations of 
the YM (simulated) waters. Characterization of reacted products by optical and SEM-EDAX has also performed 
during this quarter.  Although not reported here, experiments have been performed on dry oxidation using TGA 
experiments, EIS experiments on 4340, and hydrogen permeation in Alloy 22 (baseline material) experiments but 
they are not complete. Analyses and more experiments are in progress.  Manuscripts for publications for 
proceedings have been written, and one of the manuscripts is in final stages of acceptance in Met Trans (A) Journal. 
 
Progress for the Period 10/01/05 - 12/31/05 
 
Subtask 1: Selection of New High Strength Steels, Stainless Steels for Rock Bolts, Steel Sets and Perforated Roof 
supports. In this report we show Split set rock bolts results, Swellex Rock bolts, Alloy 22 base line 
material. 
Subtask 2: Electrochemical tests to evaluate corrosion rate and possible corrosion mechanisms 
Subtask 3. Electrochemical Impedance Spectroscopy (EIS) 
Subtask 5: .Hydrogen Permeation tests 
Subtask 7: Dry Oxidation Tests by Thermogravimetric analyses 
Subtask 8: Microstructure and Phase Characterization Studies  
 
I.  Introduction 
 
This report encompasses the work done for this fourth quarter of the year 2005, in accordance to cooperative 
agreement of University of Nevada system for the Task 019 “Subsurface Corrosion Research on Rock Bolt System, 
Perforated SS Sheets and Steel Sets for the Yucca Mountain Repository”, the overall objective of which is to 
conduct corrosion research and predict the durability of rock-bolts and other underground metallic roof supports. We 
have started oxidation tests using Thermogravimetric Analyzer (TGA), and Potentiodynamic tests to determine the 
corrosion rates of rock bolts, other support materials including bench mark materials. 
 
In this quarter, we have also performed (1) Potentiodynamic tests were performed to determine corrosion rates (CR) 
of Swellex rock bolts and Split Sets rock bolts.  In addition, experiments have been performed on 4340 steel and 
Alloy 22, but the analyses are not complete;  for example, hydrogen permeation tests on baseline material, Alloy 22 
and Thermogravimetric Analysis (MTGA) on Swellex rock bolts under pure O2 atmosphere. 
 
 
II. Experimental Procedures and Calculations of Corrosion Rates 
 
A. Materials Tested During this Quarter: 
 
Rock Bolts: 1. International Roll Forms   (IRF) - Friction type Split Sets (HSLA steel), Swellex Mn-24 (Atlas 
Copco) corrosion rates are reported.  EIS tests on other materials such as 4340 steel have also been started, as well 
as hydrogen permeation experiments on Alloy 22. 
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B. Experimental Procedures for Corrosion Tests 
In this study, we investigated the corrosion behavior of rock bolts by electrochemical method at different 
temperatures under 1x, 10x and 100x at room temperature (250C) under aerated and deaerated conditions. The 
experiments were performed in a way that the results can be compared with other work1 ,2.  The samples were 
characterized by using the optical microscope to study the type of corrosion attack on the material under different 
conditions.  
 
Specimen and Electrolyte Preparation: Swellex Mn24 samples were procured from commercial sources. Small 
circular discs of 1.88cm diameter were punched out from the tube without applying any heat, which can alter the 
properties of materials (Swellex Mn 24 specimens).  These discs were polished around the diameter to eliminate any 
cold working effects at the edges during punching. Discs of diameter 1.87cm were soldered to thick copper wire for 
good electrical conductivity and mounted in epoxy resin. The front side of the disc with area of 2.75cm2 is exposed 
for testing. After molding, the electrical connection between the sample and the wire were checked with a voltmeter. 
Before the experiment the sample was grinded manually by using SiC emery papers ranging from coarse to fine 
until 600-grit. The sample was degreased with acetone and cleaned with de-ionized water immediately before the 
experiment. 
 
The electrolyte preparation (1x YM waters) for the experiments with Swellex Mn 24 and split set tests were 
prepared by mixing salts in 1 liter of distilled, de-ionized water as shown in Table 3.2.1.  These solutions were 
stirred for half-hour at ~60oC to dissolve the salts.  After few hours, the solution was vacuum-filtered twice and 
stored for experimentation.  Prior to the experiment, the electrolyte was analyzed to check for amount of solubility 
of salts.  The dissolved ion concentration of 1x is given in Table 3.2.1 along with the pH of solution.  Henceforth, 
we represent different concentrations of the solutions by 1x, 10x (concentration increased by 10 times in 1liter of 
water) and 100x (concentration increased by 100 times in 1 liter of water); these are just nominal concentrations.  
The pH of the solution was measured for all concentrations: pH1x=8.15, pH10x= 8.5 and pH100x = 8.6.  Ionic 
concentration of bicarbonate was determined by potentiometric titration; ions such as fluoride, chloride, and sulfate 
were determined by using Ion Chromatography and C, Mg, P, SO4-, silicate etc. were determined by optical 
emission spectroscopy by using the induced coupled plasma technique. 
 
Test cell and Procedures: Electrochemical potentiodynamic scans were performed by using ASTM-G593. These 
tests were conducted in a typical 1 liter Pyrex glass flask covered with a polytetrafluoroethylene lid with many ports, 
which contains the  working electrode, counter electrode (platinum), gas purge, thermocouple, inlet and outlet for 
the gas, Luggin probe connected to a silver/silver chloride (Ag/AgCl) reference electrode through salt bridge (agar-
agar solution) and gas trap. A heating bath was used to control the temperature and thermocouple for monitoring the 
temperature. For high temperature experiments condenser was used to minimize the solution loss due to evaporation.  
This type of setup was adopted from the D.A. Jones textbook, Principles & Prevention of Corrosion 4. 
 
All potentiodynamic scans were performed by using a commercially available Potentiostat and controlled by 
commercial electrochemistry software. The electrolyte was conditioned (de-aerated/aerated) by the continuous 
purging of corresponding gas (nitrogen/oxygen) for one hour before immersing the specimen.  The polished and 
cleaned specimens were introduced into the cell. A distance of 1 mm was maintained between the specimen and 
Luggin probe to avoid variation in corrosion current (Icorr). When it reached a steady open circuit potential 
(corrosion potential), the potentiodynamic scans were started by sweeping the voltage from -1V to 0V for all the 
experiments at a rate of 0.2mV/sec.  After the experiment, the corrosion current density (icorr) was calculated by 
using the resistance polarization (Rp) technique by following the ASTM G593 and ASTM G1025 procedures, 
assuming Tafel constants for both anodic and cathodic to be 0.12V/decade. 
 
 
Corrosion Rate Calculations 
 
As described in the ASTM G1025 procedure, the resistivity effect increases the apparent polarization resistance.  
The following expression is given to measure the true polarization resistance (Rp): 
                                                                             p aR R lρ= −                                                                              (2.1) 
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where, Ra is the apparent resistance, ohm.cm2, ρ is the electrolyte resistivity in ohm.cm, and l  is the distance in cm 
between the specimen electrode and Luggin probe tip or reference electrode. From the Electrochemical Impedance 
Spectroscopy (EIS) study by Yilmaz2 on medium carbon steels with the same electrolyte concentration, it was 
observed that the resistivity from the solution is negligible for 1x, 10x and 100x concentrations.  Hence the term 
lρ in the equation is zero, and the overall resistance is only due to Ra. Equation 2.2 is used to calculate the corrosion 
rates. 
                                                                           1
corriCR K EWρ=                                                                          (2.2) 
where, 3 2 31 3.27*10 . / . . , / , / , /corrK mm g A cm y CR mm year I A cm g cmµ µ ρ−= = = = (density of Swellex 
Mn-24 is 7.858 gm/cm3), and equivalent weight (EW) is  27.24 gm/equivalent.      
 
III. RESULTS AND DISCUSSION 
  
In this quarter, electrochemical studies such potentiodynamic, EIS, and oxidation studies will be presented for the 
Yucca Mountain underground support.  We started the studies last quarter on many of these materials and have new 
results for rock bolts (1) Swellex Mn-24 , (2) Friction type Split Sets (HSLA steel), (3) Alloy 22 hydrogen 
permeation studies (baseline material).  We started new studies on the rock bolt material, 4340 steel, as originally 
proposed. 
 
3.1 Corrosion Studies on Split Set Rock Bolts in Simulated YM Water  
 
3.1.1 Introduction 
 
Friction type rock stabilizers have been widely used as a rock reinforcement material for underground support due to 
its ability to sustain large rock mass displacements. Slotted and tapered steel tube rock bolt is one of the commonly 
used materials for these purposes since the late 1970’s. It is a slotted steel tube with one end tapered for easy 
insertion into a drill hole and the other end has a welded ring flange to hold the bearing plate.  Because of its unique 
property this type of rock bolt is being studied for underground support the Yucca Mountain Repository tunnels.  A 
slotted & tapered steel tube rock bolt consists of a slotted high-strength steel tube with a face plate; it has tapered 
shape for easy insertion into a drill hole and the other has a welded ring flange to hold the bearing plate. It is inserted 
into a hole slightly smaller in diameter than the tube, using a simple driver tool fitted to the drill.  As the tube enters, 
its diameter is compressed and the slot partially closes. This exerts radial forces along the length of contact with the 
rock, providing the friction which holds the rock together.  Figure 3.1.1 shows the schematic of the mechanism of 
the split sets rock bolts. There are three common types of split set rock bolts that are used and the specifications are 
given in Table 3.1.1.  
 
Table 3.1.1. Types of slotted & tapered steel tube rock bolts2 
 
Type SS33 SS39 SS46 
Nominal Diameter (mm) 33 39 46 
Length (mm) 762-2438 762-3048 914-3658 
Load Capacity (tons) 10 10 15 
 
In this study, potentiodynamic polarization tests were carried out on split set rock bolts type SS46 to study the 
corrosion behavior in Simulated Yucca Mountain (YM) water as a function of concentration, temperature and the 
condition (aerated/deaerated) of YM water.  The calculated corrosion rate of slotted & tapered steel tube shows an 
increase in corrosion rate as a function of temperature and concentration.  The corrosion rate is significantly higher 
in aerated condition than in deaerated condition. Optical micrographs taken of the corroded samples showed uniform 
and pitting corrosion which contributed to the overall corrosion mechanism, along with the crevice corrosion. 
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Tube Inserted in to the hole exerting  radial pressure 
against the rock over its full contact length,
slotted & tapered steel tube with 
Face Plate
Slotted  and tapered steel tube driven in to the hole
slotted & tapered steel tube
 
Figure 3.1.1. Schematic of the mechanism of the slotted & tapered steel tube rock bolts1 
 
3.1.2. Experimental 
Specimens for electrochemical tests were prepared from commercially available slotted & tapered steel tube type 
SS46 from International Rollform Inc.  The chemical composition of SS46 was analyzed by LTI that is given in 
Table 3.1.2.  Disc-shaped test specimens were cut out from the plate sample. The test specimen was mounted in 
epoxy with its ~1 cm2 bottom surface area and electrical connection wire exposed out of it.  After molding, the 
electrical continuity between the sample and the wire were checked. Before the experiment the sample was polished 
to almost mirror finish.  These specimens were degreased with acetone and ultrasonically washed with de-ionized 
water for 5 minutes before using them for electrochemical testing.  
 
              Table 3.1.2. Chemical Composition (wt%) of  split set SS46 
 
Element (weight percent) 
Ni Cr Mo Fe Nb Mn C P S V 
0.06 0.02 0.03 98.75 0.007 0.68 0.07 0.01 0.01 0.038 
 
All the electrochemical experiments were conducted in a typical 1 liter Pyrex glass flask covered with a 
polytetrafluoroethylene lid (please see the last Quarterly report No. 5 for the photos of the apparatus).  The lid has 
many ports containing the working electrode, counter electrode (platinum), gas purge, thermocouple, inlet and outlet 
for the gas, luggin probe connected to silver/silver chloride (Ag/AgCl) reference electrode through the salt bridge 
(agar-agar solution) and gas trap. A large (~10 cm2) platinum sheet sealed to a glass capillary was used as a counter 
electrode to provide good conductivity in the electrolyte. The reference electrode was a saturated silver/silver 
chloride (Ag/AgCl) electrode, which has a potential of 199mV more positive than the standard hydrogen potential. 
The Luggin probe tip and Ag/AgCl reference electrode were connected via the electrolyte (YM water) in the probe 
salt bridge. Continuously purged gas (nitrogen or oxygen) in the sealed cell maintained constant pressure above the 
solution, and formed a tall column (8-10cm) of solution bridge (flow of electrolyte that connect between the bath to 
the reference electrode) inside the probe, which connected the Luggin tip and the reference electrode. A sealed glass 
capillary is used for the thermocouple for controlling the temperature of the electrolyte. A fritted glass capillary was 
used for continuous aeration/deaeration of the solution throughout the experiment at the rate of 100mL/min by using 
a flow meter. An electric mantle heater surrounded the test cell and a PID (Proportional, Integral, and Derivative) 
type temperature controller maintained the temperature of the solution. For high temperature experiments a 
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condenser has been used to avoid electrolyte loss during the test.  The electrolyte was purged continuously with 
nitrogen/oxygen for deaeration/aeration for ½ hour before immersing the specimen. The specimen is then inserted 
into the cell and maintained a constant distance (2-3mm) between specimen and luggin tip to avoid any variation in 
corrosion current (Icorr) and corrosion potential (Ecorr). After reaching the steady state open circuit potential the 
potentiodynamic tests were conducted using a commercially available Potentiostat at a scan rate of 0.2mV/sec. The 
electrolyte was prepared by mixing different kind of salts in distilled, de-ionized water. After adding the salts to the 
de-ionized water the solution was stirred on a hot plate (50°C-60°C) for half an hour and then cooled down to room 
temperature. The excess or undissolved salts were precipitate out from the solution at the bottom of the flask. The 
clear water was filtered before using as an electrolyte. In this study we used 1X, 10X and 100X YM water and the 
measured pH of the solution was 7.8, 8.2 and 8.4, accordingly. 
 
The corrosion rate was calculated by following ASTM G593 and ASTM G1024  procedures. During calculations, the 
polarization resistance (Rp) is neglected because it was shown by Yilmaz5 that the electrolyte concentration was zero 
for 1X, 10X and 100X concentrations. Tafel constants for both anodic reaction and cathodic reactions are assumed 
to be constant (0.12V/decade). From the polarization resistance (Rp) value, the corrosion current density is 
calculated using equation 2.2 and the corrosion rate is calculated, where, K1 = 3.27×10-3 mm.g/µA.cm.year,  Icorr = 
µA/cm2,  ρ = 7.83 g/cm3 (for SS46), EW = 27.82 gm/equivalent (for SS46) 
 
3.1.3 Results and Discussion on Split sets Corrosion Tests 
In this section we present the effect of (a) Temperature (b) Concentration (c) aerated and deaerated conditions, of the 
Split Set rock bolts: 
 
3.1.3A. Effect of temperature on Corrosion Behavior (Aerated and Deaerated YM waters) 
 
Aerated YM Waters: Potentiodynamic scans for SS46 type rock bolts in simulated 1X YM water at different 
temperature presented in Figure 3.1.2, show that at all temperatures the cathodic region is linear which implies that 
there is no limiting current for these cathodic reactions.  The measured Ecorr for these temperature ranges is -0.52V to 
-0.22V.  At room temperature observed Ecorr is -0.22V, and it decreases as the temperature increases to 65°C, which 
is the lowest (-0.52V).  At 90°C the corrosion potential (Ecorr) increases again to a value of -0.42V.  In the anodic 
region the current increases significantly for a small change in potential.  We have not observed any passivation 
within the potential range, and at all temperatures.  It can also be observed that as the temperature increases the 
corrosion current density (icorr) also increases.  The corrosion current density, polarization resistance and corrosion 
rate is presented in Table 3.1.3.  It is observed that the CR’s increase as the temperature increases. The observed 
corrosion rate for SS46 at room temperature is ~23 µm/yr. and at 90°C is ~5015 µm/yr.  Yilmaz5 reported highest 
Figure 3.1.2 Potentiodynamic scans for SS46 type 
rock bolts in aerated simulated 1x 
YM water at different temperatures. 
Figure 3.1.3. Corrosion rate as a function of 
temperature (aerated) in 1x YM 
water. 
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corrosion rate for low carbon steel in simulated YM water at 85oC as 1134 µm/y.  McCright6 determined corrosion 
rates for 1020 carbon steel from potentiodynamic polarization scans at higher temperatures (80oC-90oC) in aerated J-
13 water and reported around 800 µm/yr. Figure 3.1.3 showing a plot of corrosion rate as a function of temperature 
which shows a linear increase in corrosion rate from room temperature to 65°C.  At 90°C the corrosion rate 
increases dramatically to 5015 µm/year. After the experiment, it was observed that the solution’s color had changed 
to brown, which indicates substantial Fe ion dissolution from the alloy in water, resulting in a higher corrosion rate. 
 
 
 
 
 
 
 
 
Figure 3.1.6. Optical micrographs at (a) 25oC and (b) 65oC, taken after the potentiodynamic scan at different 
temperatures in 100x YM water. 
 
Deaerated YM Waters: Potentiodynamic polarization curves for Split Sets SS46 in deaerated 1x YM water at 
different temperatures are shown in Figure 3.1.4. From the figure we observe that the corrosion potential at all 
temperatures is similar. The potential range is from -0.74V to -0.76 V for all temperatures, and anodic and cathodic 
plots are overlapping for all temperatures. The corrosion rate is calculated by linear polarization method as discussed 
in the experimental section.  Table 3.1.3 shows the results of the corrosion rate in 1x YM water.   From the plot in 
Figure 3.1.5 it is clear that as the temperature increases, the corrosion current density also increases.  At higher 
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Figure 3.1.4. Potentiodynamic polarization curves 
for slotted & tapered steel tube SS46 rock bolt in 
deaerated 1x YM water at different temperatures. 
Figure 3.1.5. Corrosion rate as a function of 
temperature (deaerated) for slotted & tapered steel 
tube SS46 rock bolt in deaerated 1x YM water. 
(a).100x Deaerated, 25°C (b).100x Deaerated, 65°C 
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temperatures, there is more dissolved oxygen which contributes to higher corrosion rates as a function of 
temperature (Figure 3.1.5).   This same order of corrosion rate, observed by Yilmaz5 in 1x YM water for medium 
carbon steel rock bolts, is 160 µm/year at 85°C.  Optical micrographs were taken after the potentiodynamic scan at 
different temperatures in 100x YM water and is shown in Figure 3.1.6.  At 25°C, there are only a few pits observed, 
whereas at 65°C, there are a lot of pits observed.  This indicates a higher corrosion rate because of the contribution 
of pitting corrosion along with the uniform corrosion.  There was also some indication of crevice corrosion.  
 
Table 3.1.3 Corrosion rates of SS46 Rock bolt at different temperatures in 1x concentrated YM water 
Temperature(oC) Conditions Rp(ohm.cm2) Icorr(µA/cm2) Corrosion rate(µm/year) 
250C Aerated 13095 1.99E-06 23.12 
450C Aerated 352.91 7.38E-05 857.70 
650C Aerated 236.4 1.10E-04 1280.42 
900C Aerated 60.356 4.32E-04 5015.10 
250C Deaerated 8927.3 2.92E-06 33.91 
450C Deaerated 4626.3 5.63E-06 65.43 
650C Deaerated 3263 7.98E-06 92.76 
900C Deaerated 2932 8.89E-06 103.24 
 
3.1.3B. Effect of Concentration on Corrosion Behavior 
  
Aerated Conditions: Potentiodynamic scans for SS46 rock bolts at three concentrations at room temperatures are 
presented in Figure 3.1.7.  Three different concentration of electrolyte (1x, 10x and 100x) were used at room 
temperature to evaluate these effects.  As the concentration increases, the corrosion potential, Ecorr, decreases 
(Figure 3.1.7).  At room temperature, for 1x YM water Ecorr is -0.22V and in 100x YM water Ecorr  is -0.48V.  The 
calculated corrosion rate is also higher in 100x than 1x YM water (Table 3.1.4).  As the ionic concentration of YM 
waters increase from 1→10→100X, a corresponding increased corrosion rate 23→197→211 µm/year is observed.  
A plot of concentration vs. corrosion rate is shown in Figure 3.1.8, showing an increase of corrosion by 154 times 
from 1X to 10X, and only 24 times from 10x to 100x in ionic concentrations.  It should be noted that as more salts 
are added to simulate YM water from 1 to 100x, there are increased precipitation of the salts due to saturation limits, 
so it is conceivable that there is not enough of an increase in actual ionic concentration fro 10x→100x.  Although 
these 100xYM waters are of nominal concentrations, there is more Ca, Mg and CO32- ions that form a thin CaCO3 
protective film on the sample surface.  Similar behavior was observed in medium carbon steel rock bolts in 
simulated YM water by Yilmaz5. 
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Figure 3.1.7. Potentiodynamic scans for slotted 
& tapered steel tube SS46 type rock bolt at 25oC 
in different aerated simulated 1x YM waters. 
Figure 3.1.8. Two potentiodynamic scans, under 
aerated and deaerated conditions in 100x YM 
water at 65°C along with the micrographs taken 
after the experiment.
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Deaerated Conditions: Potentiodynamic scans for SS46 rock bolts in different ionic concentration (1x, 10x and 
100x) of YM water are presented in Figure 3.1.9 for comparison.  From Figure 3.1.7, we can see that the as the 
concentration increases the corrosion potential, Ecorr increases. At room temperature, the Ecorr increases from -
0.76→-0.73→-0.72V, as the concentration is increased from 1x→10x→100x, associated with increased corrosion 
rates (CR’s) of 34→88→93 µm/year (Table 3.1.4).  This trend is opposite of what is observed in aerated conditions.  
A plot of concentration vs. corrosion rate shown in Figure 3.1.8 shows a steep increase in the CR; there is virtually 
no change in the CR  for concentrations 10x to 100x; similar behavior is observed in aerated conditions. 
 
Table 3.1.4. Corrosion rates of SS46 type rock bolt at room temperature in different concentration of YM water. 
Concentration Conditions Rp(ohm.cm2) Icorr(µA/cm2) Corrosion rate(µm/year) 
1X Aerated 13095 1.99E-06 23 
10X Aerated 1537.2 1.69E-05 197 
100X Aerated 1436.8 1.81E-05 211 
1X Deaerated 8927.3 2.92E-06 34 
10X Deaerated 3447.9 7.56E-06 88 
100X Deaerated 3240 8.04E-06 93 
 
3.1.3C. Effect of Aeration and Deaeration 
 
A comparison of aerated and deaerated potentiodynamic scans on split set rock bolts in 100x YM water at 65°C 
(Figure 3.1.10) shows the expected higher corrosion potential and corrosion current in aerated conditions.  In the  
case of aerated conditions, there was no passive film formation due to a continuous increase in current density in the 
anodic region as the potential increases. But in deaerated conditions in the anodic region, current density increases 
significantly in potential from Ecorr.  It was observed that a passive layer started forming at around -0.62V, and there 
was no increase in current density observed up to -0.55V, where the passive film starts to break down.  At this 
potential, due to the breakdown of the passive layer, there is chance of localized corrosion, such as pitting corrosion. 
In the same plot we have presented the optical micrograph for this sample.  Superimposed optical micrographs show 
increased amount of pitting at higher CR’s in aerated conditions.   
References for Section 3.1 
1. http://www.ir-rock-bolts.com/rock-bolts.html 
2. International-Rollform Ltd. 
3. ASTM G-59, Annual Book of ASTM standards, Vol. 03.02. 
4. ASTM G-102, Annual Book of ASTM standards, Vol. 03.02. 
Figure 3.1.9. Potentiodynamic scans for slotted 
& tapered steel tube SS46 type rock bolt at 25oC 
in different deaerated simulated 1x YM waters. 
Figure 3.1.10. Two potentiodynamic scans, under 
aerated and deaerated conditions in 100x YM 
water at 65°C, along with the micrographs taken 
after the experiment.
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5.  A. Yilmaz, D. Chandra, and R.B. Rebak, “Corrosion behavior of carbon steel rock bolt in simulated yucca 
mountain ground waters”, Metallurgical and materials transactions A, vol. 36A (May 2005),pp.1097-1105 
6.    McCright R.D, Weiss .H, “Corrosion behavior of carbon steels under tuff repository environment conditions”, 
Mat.Res.Soc.Symp.Proc. Vol.44 (1985), pp.287-294.  
 
3.2. Corrosion Rate Measurements for Swellex Mn-24 Using Potentiodynamic Scans  
 
3.2.1 Introduction  
As a part of sub-surface corrosion research on various materials, we have initiated an study on the corrosion 
behavior of Swellex Mn-24 rock bolts.  The rock bolt is made up of collapsed steel tube cut to the desired length and 
sealed at both ends with special welded fittings to form an expanded bolt, as described in detail with illustrations in 
the 5th Quarterly Report (Oct. 2005).  This bolt is inserted into the bore hole and then the tube is inflated or 
expanded by using hydraulic pressure of 30MPa.  By this process, the tube develops maximum holding strength by 
friction, combined with mechanical interlocking.  Swellex rock bolts are being widely used for mining and tunneling 
applications throughout the world due to its advantages such as fast installation, maximum pull-out strength and 
good mechanical interlocking between rock and bolt. This bolt can be used in different diameters anywhere between 
23 and 40mm.  Swellex Mn24 is a high-strength low-alloy (HSLA) steel, which is made up of EN10025-S355JR 
(European standards) steel, with a typical breaking load of 24 tons (US) with 3mm tube thickness. Manganese of 
1.16 weight percent is added for good mechanical properties.  Manganese content in this steel is higher than other 
Swellex carbon steels.  Hence, “Mn” stands for manganese and “24” stands for the breaking load.  
 
Chemical analyses of the electrolyte for simulated YM waters were performed independently and the results are 
shown in Table 3.2.1. 
                        Table  3.2.1.  YM water chemistry for 1x concentration per liter 
 
S No. CHEMICALS Weight(mg) 
1 Magnesium sulfate(MgSO4.7H2O) 50 
2 Magnesium chloride(MgCl2.6H2O) 100 
3 Calcium chloride(CaCl2.2H2O) 196 
4 Calcium sulfate(CaSO4.2H2O) 210 
5 Potassium Bicarbonate(KHCo3) 50 
6 Sodium Bicarbonate(NaHCo3) 200 
7 Sodium Silicate(Na2SiO3.9H2O) 210 
8 Sodium Fluoride (NaF) 2 
 
Table 3.2.2 Chemical Composition of Swellex Mn24 rock bolt  
 
Element 
 
Al 
  
C 
 
Cr 
 
Cu 
 
Mn 
 
Mo 
 
N 
 
Ni 
 
P 
 
S 
 
Si 
 
Fe 
 
Wt% 
 
0.054% 
 
0.16% 
 
0.042% 
 
0.17% 
 
1.16% 
 
0.027% 
 
0.006% 
 
0.05% 
 
0.013% 
 
0.004% 
 
0.24% 
 
rest 
 
 
Table 3.2.3 Dissolved salts in 1x YM water 
Concentration Ions 
3HCO
−  Cl−  F −  4SO
−  Ca−  Mg −  K −  Na+  2SiO (aq) pH 
1X mg/L 100 130 0.55 140 45 16 19 89 70 8.15 
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Eapp =  -0.593V         Eapp = -0.510V          
Figure 3.2.2.  Swellex Mn-24 specimen at RT in 1X concentrated electrolyte, etched at different potentials 
showing the formation of pits: 3(a): at -0.593V applied potential (Eapp); 3(b): few pits with 
transparent film formed at -0.510V 
3.2.2 Results and Discussion on Swellex Mn-24 rock bolts 
 
Deaerated (Nitrogenated) Conditions: Swellex Mn-24 rock bolts were potentiodynamically polarized in 1x, 10x and 
100x concentrated waters at 250C. A full sweep of Potentiodynamic scan for 1x at 250C is shown in Figure 3.2.1.  
The cathodic branch is linear, implying that there is no limiting current by cathodic reactions with Ecorr = - 0.662V.  
In the anodic region, current density increases by three decades for a small amount of increase in potential from 
Ecorr.   It was observed that a passive layer started to form at around -0.593V, and stopped (broke down) at around -
0.402V at the Breakdown Potential (BP).  At this potential, there is chance of localized corrosion like pitting 
corrosion.  Above the BP, current density increased with the increase in potential. To study the nature of corrosion 
in the anodic region three different samples were electrochemically charged at different potentials under similar 
conditions during the experiment.  First, at the starting point of film formation (-0.593V); second, at the center of the 
film formation zone (-0.510V) and third, at the breakdown potential (0.402V). The samples were etched, and 
examined under optical microscope (Figure 3.2.2). From Figure 3(a), at -0.593V, there is almost uniform corrosion 
with few pitting initiating sites for samples charged at -0.593V (Fig. 3.2.2 (a)). From Fig. 3.2.2(b), at -0.510V, we 
can see only a few pitting sites and the rest is a thin, transparent film formed on the metal surface. At the BP, as 
expected, there are several deep pits observed due to the break down of the passive film.  This almost destroyed the 
surface completely, which can be seen in Figure3.2.3(a), and a magnified image in Fig. 3.2.3 (b).  
                  Figure 3.2.1 Polarization curve for Swellex Mn-24 Rock Bolt at 25oC in 1x YM Water. 
 
 
 
 
 
 
 
  
 
                              (a)                                                  (b) 
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Eapp = -0.402V   Eapp = -0.402V   
Figure 3.2.3.  Swellex Mn-24 specimen at RT in 1X concentrated electrolyte, etched at different 
potentials showing the formation of pits: 3(a): at -0.402V applied potential (Eapp); 3(b): 
few pits with transparent film formed at -0.402V 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The CR’s increased with the increase in concentration at room temperature: CR1x.=9.53 µm/yr., CR10x.= 
69.20 µm/yr, and CR100x = 110.15 µm/yr.  The potentiodynamic scans for different concentrations are shown in 
Figure 3.2.4.  The Rp, Icorr and CR’s are shown in Table 3.2.4, along with CR’s studied by Yilmaz2 for medium 
carbon steels. From the Figure 3.2.4, it can be observed that the linear nature of the passivation decreased as the 
concentration of the electrolyte increased; hence, high corrosion rates are observed. Yilmaz2 and Lian1 also observed 
increase in corrosion rate for medium and low carbon steels respectively in simulated YM (UNR) water and J-13 
water for 1x concentration respectively.  Corrosion rates for Swellex Mn-24 measured in deaerated conditions at 
different temperatures are shown in Table 3.2.5.  Scans for 25o and 90oC are shown in Figure 3.2.5, as there was 
overlap with the others scans.  This type of trend was observed in medium carbon steel2.  From Table 3.2.5 a 
systematic increase in the corrosion rate is observed with the highest CR90°C =226.8 µm/yr, as compared to medium 
carbon steels2, where it’s observed to be 160 µm/yr. Higher CR can be explained by the pH obtained from the 
solution after the experiment. The pH of the solution increased from 8.15 to 9.03; it is evident from the corrosion 
Figure 3.2.4.  Effect of ionic concentration on the corrosion currents, Ecorr  on Swellex Mn-24 under 
deaerated conditions. 
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rate results that the solution contains 0.16mg/L of iron with small amount of manganese. Iron and manganese 
dissolved in the solution in the form of iron-oxide and manganese sulfate, respectively. 
 
Aerated (oxygenated) YM waters: The corrosion rates increased with the ionic concentration of the electrolyte used 
from 1x to 100x, as expected.  The passivation in the anodic region was not exhibited for any of the three 
concentrations studied.  Corrosion rates are given in Table 3.2.4.  Potentiodynamic polarization scans for 1x, 10x 
and 100x are shown in Figure 3.2.6.  The dissolved oxygen in the aerated conditions may have contributed to the 
higher corrosion rates.  In the aerated conditions, the type of corrosion was observed to be uniform.  Yilmaz2 and 
Lian1 also observed higher corrosion rates in aerated conditions.   The concentration of J-13 1x1 water was lower 
than the YM water (UNR)2 and also J-13 water contains nitrates which inhibit the corrosion.  Lian1 observed lower 
corrosion rates for low carbon steels. However, the corrosion rates of medium carbon steels2 were higher; the 
maximum CR100xYM = 226 µm/yr and for Swellex Mn-24, CR10x YM = 136 µm/yr, and CR1xYM = 124 µm/yr.  Higher 
corrosion rates were due to high chlorides and sulfates in the solution.   Even though the Ecorr of 10x YM waters is 
lower than 100x, the Rp is greater due to the lower current density at Ecorr for 10x, which is inversely proportional to 
corrosion rate. 
 
The effect of temperature on the corrosion rate for the Swellex Mn-24 in aerated, 1x YM water, at different 
temperatures are shown in Table 3.2.5 along with corrosion rates studied by Yilmaz2 for medium carbon steels.  
Anodic and cathodic potentiodynamic polarization scans for Swellex Mn-24 in 1x YM water at 25oC and 90oC are 
shown in Figure 3.2.7. Corrosion rates increased linearly with increasing temperature, showing that the corrosion 
rate is a first order function with respect to temperature; CR90°C = 2267.8 µm/yr. From Figure 3.2.7, there is no 
passivation in the anodic region at all temperatures; similar results are observed at all concentrations and 
temperatures.   The inset of Figure 3.2.7 shows a thick corroded iron oxide layer on the sample.  Increases in 
corrosion rates can be explained with decreases in Ecorr and increases in Icorr.  The difference in Ecorr between scans at 
25oC and 90oC is 0.146V and increases in Icorr are around 183 µA/cm2 (Figure 3.2.7).  The pH of the solution at 900C 
after the experiment was observed to be 9.08, and also the color of the solution changed from clear to reddish-
brown.  After analyzing the liquid solution, it was observed that there was 4.7mg/liter of Fe in the solution with 
0.057mg/L of Mn.  The severity of the solution can be explained by the concentration of chlorides.  Higher 
concentrations of chlorides contribute to higher corrosion rates.  In aerated 1x solution at 90oC, the chloride 
concentration was observed at around 1000mg/liter. Whereas, at the same concentration and temperature in de-
aerated conditions, the chloride concentration was around 380mg/liter.  Hence, from the quantity of metal dissolved 
in the solution, the corrosion rate in the aerated solution is high.  From these analyses, it can be seen that there is no 
increase in bicarbonate- and silicate-ions which are good parameters for inhibiting the corrosion in both aerated and 
deaerated conditions at higher temperatures.  
 
                Table 3.2.4  Corrosion rates of Swellex Mn24 Rock bolt at Room Temperature in different concentrations    
under aerated and de-aerated conditions.  
 
Water 
Concentrations 
(Times) 
 
Rp(ohm.cm2) 
 
Icorr(µA/cm2) 
Corrosion 
rate(µm/year) 
This study 
Corrosion 
rate(µm/year) 
Yilmaz2 
De-aerated (Nitrogen) 
1X 9981.4 2.605 29.53 45 
10X 4260.5 6.1026 69.2 35 
100X 2676.4 9.7145 110.15 51 
Aerated (Oxygen) 
1X 2032.9 12.7816 145.03 124 
10X 1322.8 19.6553 222.86 136 
100X 1231 21.121 239.49 226 
 
Yilmaz2 and Lian1 also observed increase in corrosion rates with increase in temperature.  Corrosion rates obtained 
in this study are important to compare with the Yilmaz2 corrosion rates.  Water chemistry is same for this study and 
Yilmaz2.  Yilmaz2  reported highest corrosion rate, CR85°C = 1134 mm/yr and also observed deep pits on the sample 
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surface at 85oC in 1X YM water.  In our study, after the experiment the sample was characterized by using an 
optical microscope to examine surface morphology.  Interestingly, we observed lot of pits on the surface which are 
magnified 
  
 
Table 3.2.5 Corrosion rates of Swellex Mn-24 Rock bolt at different temperatures in 1X concentrated under 
aerated and deaerated conditions.  
 
Temperature(0C) 
 
Rp(ohm.cm2) 
 
Icorr(µA/cm2) 
Corrosion 
rate(µm/year) 
This study 
Corrosion 
rate(µm/year) 
Yilmaz11 
Deaerated (Nitrogen) 
250C 9981.4 2.605 29.53 45 
450C 4874 5.334 60.49 70 
650C 2035 12.77 144.9 120 
900C 1300 20 226.8 160 
Aerated (Oxygen) 
250C 2032.9 12.7816 145.0271 124 
450C 307.43 84.57 959 320 
650C 165.83 166.82 1777.8 630 
900C 130.0 200 2268.8 1134 
 
by 400 times (Figure 3.2.8)6. Shreir6 explained the pitting corrosion usually occurs in near-neutral solutions of 
halides or hydrogen anions of halides, and chloride is one of the aggressive ions causing pitting in steels.  In general, 
mine waters contain very high concentrations of chlorides and sulfate ions in near neutral pH solutions.  Similar 
results are observed in our case, resulting in both uniform and pitting corrosion.  Little crevice corrosion was also 
observed between the epoxy mold and metal edge.  This type of corrosion is very minimal when compared with 
uniform corrosion.  Overall, uniform and pitting corrosion in aerated samples are major contributors for the high 
corrosion rates.  Shaffer7 reported that the 25% of the carbon steel, Swellex (std. Swellex) rock bolt corroded in the 
Stobie Mine, Canada, under the mine chemistry with varying pH from 6.3 to 12.2. Shaffer7 also reported that the 
stainless steel Swellex has good corrosion resistance under concentrated solutions. 
 
Results from aerated and deaerated 1x YM water at all temperatures were plotted along with the results from 
Yilmaz2 work in Figure 3.3.9.  It can be observed that in both studies, at all temperatures the corrosion rates under 
deaerated conditions were almost similar. In aerated conditions, the CR’s were higher in both studies.  At room 
temperature, the variation in CR is not much higher.  But,, there was a linear increase in corrosion rate with an 
increase in temperature. Corrosion rates in Swellex Mn-24 (that hold a large load) are higher than medium carbon 
steel2.  At elevated temperatures, high CR’s in these types of steel are not uncommon.  Stress corrosion cracking is 
one of the important types of corrosion to be studied for these types of steels7. Stress corrosion cracking for this kind 
of steel in the cold-worked state could help for a better understanding of corrosion.  For permanent underground 
tunnel support, as suggested by Shaffer7, stainless steel Swellex rock bolts could be a candidate material for rock 
reinforcement due to its high strength and low corrosion rates in concentrated mine water chemistries.  
 
3.2.4 Summary of Corrosion Results of Swellex Mn-24 Rock bolts 
• YM water concentration effects: Potentiodynamic polarization scans performed on Swellex Mn-24 rock 
bolt with different concentrations of simulated YM (UNR) water at room temperature (RT) show increased 
corrosion rates with increases in concentration.  For example, CR1x,deaerated,RT ~30 µm/yr and CR100x,deaerated,RT 
~ 110 µm/yr. Also, under aerated conditions, CR1x,aerated,RT ~145 µm/yr and CR100x,aerated,RT ~ 240 µm/yr. 
• Temperature Effects: For the deaerated 1x YM waters, CR1x,deaerated,RT ~30 µm/yr and CR1x,deaerated,90oC ~ 227 
µm/yr. For the aerated YM waters, CR1x,aerated,RT ~ 145 µm/yr and CR1x,aerated,90oC ~ 2269 µm/yr . 
• Deaerated conditions: Corrosion rates at all temperatures for Swellex Mn-24 are comparable with 
corrosion rates of medium carbon steels under similar conditions.  Corrosion rates in oxygen (aerated) are 
higher for Swellex rock bolts compared with corrosion rates of medium carbon steels.  
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• Aerated YM waters: In aerated conditions, CR’s increased with the increase in the electrolyte concentration 
from 1x to 100x.  Pitting corrosion was observed at different anodic applied potentials in passive region 
under deaerated 1x electrolytic concentration at room temperature.  Uniform corrosion and pitting 
corrosion are the main contributors for the high corrosion rates in aerated conditions. 
 
                       Figure 3.2.5 Effect of temperature on Swellex Mn-24 under deaerated 1x YM (UNR) water 
 
 
 
 
                       Figure 3.2.6. Effect of electrolyte concentration at RT on Swellex Mn-24 under aerated conditions 
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Figure 3.2.7.  Effect of temperature on Swellex Mn-24 under 1x aerated electrolyte conditions,  
                                     Inset: Uniformly corroded sample at 90oC in 1x aerated electrolyte 
 
 
 
 
 
Figure 3.2.8 Pits formed over a small region (magnified 400 times) on Swellex Mn-24 sample in 1x 
concentration aerated electrolyte at 900C. 
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Figure 3.2.9. Variation in calculated corrosion rates of Swellex Mn-24 in aerated and deaerated 1x water by 
Resistance Polarization (Rp) technique along with corrosion rates of medium carbon steel [2] under 
same conditions.  
 
3.2.4 References for Corrosion of Swellex Rock bolts 
 
1. T. Lian and D.A. Jones. Corrosion, vol. 55(11), (1999), pp.1012-19. 
2. A. Yilmaz, D. Chandra, and R.B. Rebak, “Corrosion behavior of carbon steel rock bolt in simulated yucca 
mountain ground waters”, Metallurgical and materials transactions A, vol. 36A (May 2005),pp.1097-1105. 
3. ASTM G-59, Annual Book of ASTM standards, Vol. 03.02,.1989. 
4. D.A. Jones, “Principles and Prevention of Corrosion”, second ed., Prentice-Hall Inc., New Jersey, 1992. 
5. ASTM G-102, Annual Book of ASTM standards, Vol. 03.02. 
6. L.L. Shreir, ”Localized attack in corrosion-Corrosion of metals and alloys”, first ed. Vol.1, George 
Newnes, London, (1965), pp.1.95-1.115. 
7. T.F. Shaffer, R.W. Revie, and A. Mandal. “Long term ground support with stainless steel and nickel alloy 
rock bolts”, Proceedings of the 5th Annual International Conference on High Radioactive Waste 
Management. Vol.2 (May22-26, 1994) pp.696-704.    
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3.3 Dry oxidation tests on High-Strength Low-Alloy Steels Rockbolt Materials 
 
3.3.1 Introduction: 
Dry oxidation tests were carried out on split set (HSLA SS-46) materials at 750oC and were presented in the last 
technical report No.5.  In this report, we present the detailed analyses for two Rockbolt materials: split set SS-46 and 
Swellex Mn-24. Both the materials are high-strength low-alloy (HSLA) steels and their composition is listed in 
Table 3.3.1.  
 
Table 3.3.1- Chemical composition of SS-46 and Mn-24 as received from LTI* 
 
Alloy Ni Cr Mo Si Mn C P S V   
SS46 
(AST
M 
A607-
98, 
Grade 
50) 
0.06 0.02 0.03 - 0.68 0.07 0.01 0.01 V 0.038 
Cb/Nb 
0.007 
Cu+Ni+ 
Cr+Mo   
0.22 
Swelle
x 
Mn24 
0.05 0.042 0.027 0.24 1.16 0.16 0.013 0.004 Al 0.054 
Cu     
0.17 
N            
0.006 
*LTI: Laboratory Testing Inc., Hatfield, PA 
 
The mechanical strength, formability and weldability of HSLA steels are improved by the addition of specific 
alloying elements. Carbon, Si, Mn, Cu and other alloying elements are known to improve the desirable properties of 
alloys and also provide increased oxidation resistance.1,2  As seen from Table 3.3.1, the main difference between SS-
46 and Mn-24 is the increased Mn content in Mn-24, as well as the presence of Si and Al.  Copper and very low 
levels of Cr are not expected to play any significant role in the oxidation behavior of Mn-24. The carbon content of 
~0.1 wt% in both the steels is well below the carbon contents at which the steels undergo decarburization.3 
 
3.3.2 Background: 
 
Isothermal experiments were performed on SS46 and Mn-24 at different temperatures: 750oC, 825oC and 900oC for 
varying time periods: 4, 9, 16 and 100 hours in a pure oxygen atmosphere.  Figure 3.3.1 shows the weight gain 
versus time for Mn-24 at 750oC. In principle, both isothermal and non-isothermal kinetics given by reaction rate, (r) 
can be written as follows: 
 
                                                          )().( αα fTk
dt
dr ==                                                                (3.3.1) 
 
where α is the extent of reaction, t is the time, and k(T) is the temperature-dependent rate constant (a constant value 
for isothermal experiments). The rate constant follows an Arrhenius expression: 
 
 
                                                         

 ∆−=
RT
Ekk aexp0                   (3.3.2) 
 
where k0 is the pre-exponential factor (the intercept), R is the gas constant, T is the absolute temperature and ∆Ea is 
the activation energy. A plot of ln k versus 1/T yields the activation energy from the slope of the curve. The weight 
gain per unit surface area as a function of time can follow a linear, parabolic, logarithmic or cubic relationship and 
such behavior has been compiled for various metals and alloys.4 In general, the rate law can be given by: 
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                                                   n
Wy kt
A
 = =                                                                   (3.3.3) 
 
where, k is the rate constant and n is the time exponent of the rate law.   
 
3.3.3 Results 
 
Based on the raw data obtained, three oxidation regions were established: (1) a first stage oxidation region (that can 
be considered as an incubation period for lower temperatures but it is a linear-type for higher temperatures), (2) a 
second stage with a linear-like (time exponent of rate law varying from 0.6 to 0.8, depending upon material and 
temperature) oxidation behavior for times up to 9 hrs, and (3) a parabolic-type oxidation for longer oxidation time 
(>22 hrs for SS46 and > 20 hrs for Mn-24). In between the last two oxidation regions, there is a transient portion 
where the kinetics underwent a transition from the linear-like to parabolic-type. Figure 3.3.2 shows these regions 
delineated for SS46 at 750oC and 900oC (Figure 2(a) was shown in the last quarterly report. It needs to be shown 
here to refresh the reader’s memory about the different oxidation regimes). It should be noted here that the long term 
experiments (100 hr) at 900oC did not give good results and the data has not been included in calculations. 
 
For SS-46 at 750oC, the first stage of oxidation extends up to 0.002 hrs, the linear-like second stage starts at 0.392 hr 
and extends up to 9 hrs and the parabolic-type region starts from ~22 hours onwards. At 900oC (SS-46), the first 
stage extends up to 0.392 hr. and the second stage extends up to 9 hrs.  For Mn-24 at 750oC, the first stage of 
oxidation is up to ~0.221 hr, the linear-like region starts at 0.3458 hr and holds up to 9 hr and the parabolic regime 
starts 19.504 hr onwards. Mn-24 oxidized at 900oC shows an incubation region up to 0.312 hr and thereafter a 
linear-like region up to 9 hours. Table 3.3.2 shows an average cumulative weight percent change per unit area during 
these three stages of oxidation. 
 
 
Table 3.3.2.  Average Cumulative wt% change per unit area (y/kg2cm-4) for SS-46 and Mn-24 
 
Temper
-ature Material
d First Stage Linear-likeb Parabolic Regionb 
SS-46 
2
0 cmkg  38137.0
−⋅=y  0.21% (till ~0.002 hr)a 2.57% (0.392 to 9 hr) 4.194% (22 to 100 hr) 
750oC Mn-24 
2
0 cmkg  305197.0
−⋅=y
 
0.44% 
(till ~0.221 hr)a 
3.32% 
(0.3458 to 9 hr) 
3.897% 
(19.504 to 100 hr) 
SS-46 
2
0 cmmg  423163.0
−⋅=y
 
1.55% 
(till ~0.329 hr)a 
11.04% 
(0.329 to 9 hr) c 
900oC Mn-24 
2
0 cmmg  321946.0
−⋅=y
 
2.28% 
(till ~0.312 hr)a 
13.54% 
(0.3125 to 9 hr) c 
aThe first stage of oxidation can be considered as incubation stage at 750 oC, however as seen from the noticeable 
wt% changes above as well as Figure 3.2.2(b) (before proceeding to transition to a linear-like oxidation region), the 
first stage for 900 oC can be considered as linear oxidation region. 
bThe weight change for linear-like and parabolic regions are cumulative including the previous oxidation regions. 
The index of the rate law for the linear-like region varies from 0.6 to 0.8 depending upon the material and 
temperature. 
cThe 100 hr experiment for the 900 oC for SS-46 and Mn-24 is in progress. 
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dThe wt% changes are averages of 4 time periods with different initial y0. 
Calculations for rate constants and activation energies for the transient (second regime) for SS-46 and Mn-24 were 
made by fitting a trendline through all the data (different time periods) for a given temperature. The fit of the linear 
regression for all the curves was found to lie between 0.98 to 0.99.  Figure 3.3.3 shows one such plot for Mn-24 at 
750oC. An average index of rate law n = 0.8 was determined for SS-46 at 750oC with a rate constant of k = 2.442 x 
10-5 kg.m-2s-0.8.  At 900oC the index of rate law was n = 0.6 for SS-46 with a corresponding rate constant of k = 9.35 
x 10-4 kg.m-2s-0.6.  For Mn-24, the index of rate law was determined to be n = 0.7 with corresponding rate constants 
of k = 9.272 x 10-5 kg.m-2s-0.7 for 750 oC and k = 2.45 x 10-4 kg.m-2s-0.7 for 900 oC. Table 3.3.3 lists these values 
systematically. As can be noticed from the inconsistent units of the rate constants, it would be very difficult to 
calculate activation energy for the materials. For this reason, an average value of 0.7 for the time constants was 
assumed for all the calculations. Corresponding rate constants, activation energies and the pre-exponential factors 
are listed in Table 3.3.3. The activation energy for the linear-like type oxidation for SS-46 (92.78 kJ) and Mn-24 
(96.1 kJ) are close. 
 
Table 3.3.3- Time constants (n), Rate constants (k), activation energies and pre-exponential factors (k0) for the 
HSLA steels at 750 and 900 °C in the second regime of oxidation [linear-like]. 
 
M
at
er
ia
l 
T 
(oC) 
Index of Rate 
Law (n) 
 
Rate constant (k) 
(kg.m-2s-n)a 
Activation energy 
(kJ/mol)b 
ko 
(kg2m-4s-0.7) 
750 0.7968 0.7 
 
2.44 x 10-5  
6.72 x 10-5 
 
SS
-4
6 
900 
 
0.5828 
0.7 
 
 
9.35 x 10-4  
2.71 x 10-4 
 
 
92.78 3.66 
750 0.6685 0.7 
 
9.27 x 10-5  
6.24 x 10-5 
 
M
n-
24
 
900 0.7097 0.7 
 
2.45 x 10-4 
2.65 x 10-4 
 
96.1 5.03 
 
aThe units of the rate constant will change according to the index of rate law (n). 
bSince the index of rate law are actually different for the two temperatures (hence different units of k), to determine 
activation energy the index was assumed to be n = 0.7 for consistent units while plotting ln k versus 1/T. 
 
A similar exercise was carried out for determining the rate constants in the parabolic region. Data available at 750oC 
for both steels were used and the activation energies could not be determined in absence of long-term experiments at 
900oC. A plot of y2 versus t for the parabolic regions of SS-46 and Mn-24 at 750oC, along with the parabolic rate 
constants, is given in Figure 3.3.4. For SS-46, the value of kp = 3.38 x 10-4 kg2.m-4s-1 is an order of magnitude higher 
than that for Mn-24, which is kp = 3.85 x 10-5 kg2.m-4s-1. This suggests that the long term oxidation resistance of Mn-
24 at 750oC is superior to that of SS-46. The parabolic rate constants of Mn-24 and SS-46 at 900oC reported in this 
study are higher than that reported for a low carbon steel (containing Fe-0.04C-0.2Mn-0.02Si) (4.9 x 10-5 kg2.m-4s-1 
at 1000 oC) by Abuluwefa et al.5 However, the oxygen concentration in the mixtures used by Abuluwefa et al.5 was 
no more than 15%.   
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Scanning Electron Microscopy (SEM) analyses were completed for all the samples in this quarter. Figure 3.3.5 
shows the micrograph and EDAX analyses of SS-46 samples oxidized at 750oC for 100 hr. Figure 3.1.6 from the 
fifth quarterly report should be referenced before following the discussion given henceforth.  The oxide layer formed 
on the sample after 4 hours was found to be adherent to the sample and is expected remained on the sample surface 
even after many days. In the case of the 100 hour sample, the oxide layer looked adherent to the sample surface 
when the sample was taken out of the furnace. But when the sample was taken out of the sample pan, the oxide 
detached and remained stuck to the pan-bottom. It should be noted that the oxide layer did not disintegrate but just 
detached from the sample. The nominal compositions of the metal oxide interface for the 100 hour sample is Fe 
(78.99 wt%, 52.3 at%), O (20.49 wt%, 47.35 at%), and Mn (0.52 wt%, 0.35 at%) as seen from the EDAX scans. 
Although Wustite is thermodynamically stable beyond 700 oC6, it has not been reported to be a predominant oxide 
layer during long-term oxidation. Our studies indicate that there is a possibility of wustite forming a relatively thick 
layer on the metal oxide interface. This can be confirmed only after performing a depth-profile analysis of the 
oxidized sample. 
 
Further experiments are being carried out at different temperatures and the data obtained for SS-46 and Mn-24 at 
825oC are being analyzed. Figure 3.3.6 shows the weight gain data for Mn-24 at 825oC. 
 
3.3.3 References for Section 3.3 
 
1. O. Kubaschewski and B.E. Hopkins, Oxidation of metals and alloys, 1962, 2nd edition, New York: Academic 
Press Inc.  
2. P. Kofstad, High temperature corrosion, 1988, New York: Elsevier Applied Science Publishers Ltd. 
3. R.Y. Chen and W.Y.D. Yuen, Oxidation of Metals, 2003, 59(5/6), June, p.433. 
4. A.S. Khanna, High temperature oxidation and corrosion, 2002, Ohio: ASM International. 
5. H.T. Abuluwefa, R.I.L. Guthrie, and F. Ajersch, Oxidation of Metals, 1996, 46 (5/6), p.423.  
6. H.A.Wriedt, Binary Alloy Phase Diagrams, 1990, 2nd edition, vol.2. T.B.Massalski, H.Okamoto, 
P.R.Subramanian, and L.Kacprzak, eds (ASM Int’l., Materials Park, OH) 
 
3.3.4  Manuscripts written on this subject.  
1. Manuscript sent to NACE 2006 “HIGH TEMPERATURE OXIDATION KINETICS OF ROCKBOLT 
MATERIALS BY TEMPERATURE MODULATED THERMOGRAVIMETRY”. Presentation based on 
the same. Conference will be held March 13-18 at San Diego, CA. 
2. Manuscript sent to OPE 2006 “OXIDATION KINETIC STUDIES ON ALLOY 22 AND HSLA 
STRUCTURAL STEELS USING HIGH-TEMPERATURE THERMOGRAVIMETRY (TGA)”.  
Presentation based on the same. Conference will be held February 7-9 at Chennai, India. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
                         Figure 3.3.1.  Oxidation curves for Mn-24 at 750oC for different time periods. 
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   Figure 3.3.2. Weight gain per unit surface area curves for SS-46 at (a) 750oC and (b) 900oC. 
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Figure 3.3.3. Trendline fit for Mn-24 oxidized at 750oC. The slope of the trendline gives the Index of Rate Law (n) 
and the exponent of the intercept gives the Rate Constant (k) [refer Table 3.3.3] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3.4.  Parabolic regions for SS-46 and Mn-24 oxidized at 750oC along with the corresponding Rate 
constants. 
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Figure 3.3.5. SEM micrograph and EDAX analyses taken on the metal surface and the compositions of 
corresponding elements for SS-46 oxidized at 750oC for 100 hour.  (a) shows the morphology of the 
oxide at the oxide-metal interface (b) the metal surface of the sample. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3.6. Weight percent vs. Time curve for Mn-24 oxidized at 825oC in pure oxygen atmosphere. eight percent 
vs. Time curve for Mn-24 oxidized at 825oC in pure oxygen atmosphere. 
Element Weight% Atomic%
O K 20.49 47.35 
Mn K 0.52 0.35 
Fe K 78.99 52.3 
      
Totals 100   
(a) (b) 
T = 825oC 
w0 = 145.34 mg  
weight gain (4 hr) = 4.69% (6.816 
w0 = 125.712 mg  
weight gain (9 hr) = 7.306% (9.184
w0 = 151.516 mg  
weight gain (16 hr) = 8.99% 
w0 = 152.332 mg 
weight gain (100 hr) = 15.88% (24.19 
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3.4 Combined Summary of CR’s under various conditions for Slotted and Taped Split Sets, Swellex Mn-24, along 
with Williams Rock bolts  
 
 
Temperature 
(oC) 
Swellex 
Mn-24  
YM 1x 
(µm/year) 
This Quarter 
Split Set 
SS46  
YM1x 
(µm/year) 
This Quarter 
Williams 
MCS  
YM 1x 
(µm/year) 
Yilmaz11 
Deaerated (Nitrogen) 
250C 30 34 45 
450C 61 65 70 
650C 145 93 120 
900C 227 103 160 
Aerated (Oxygen) 
250C 145 23 124 
450C 959 858 320 
650C 1778 1280 630 
900C 2269 5015 1134 
 
Water 
Concentratio
ns 
(Times) 
CR Mn-24 
(µm/year) 
Room Temp. 
This Quarter 
SS46 
(µm/year) 
Room Temp. 
This Quarter 
CR Williams 
(µm/year) 
Room Temp.  
Yilmaz2  
Deaerated (Nitrogen) 
1x 30 34 45 
10x 69 88 35 
100x 110 93 51 
Aerated (Oxygen) 
1x 145 23 124 
10x 223 197 136 
100x 240 211 226 
 
Time line 
 
For Task ORD-FY04-019 we have started the oxidation tests using Potentiodynamic tests, optical and scanning 
electron microscopy, TGA, EIS, Immersion tests, as per timeline.  The experiments are in progress.   
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